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bstract
Enzymatic coating of functionalized cellulose fibers with catechol was performed in the presence of Trametes hirsuta laccase. Cellulose
unctionalization was done by covalent fixation of aromatic amines onto the cellulose surface using a dyeing procedure with C.I. Reactive Black 5
RB5) followed by reduction with sodium hydrosulfite. Cellulase enzymes were used on coated and control samples to obtain the analytes linked
ith the soluble sugars in solution, to prove the reaction concepts described in this paper. Hydrolyzed coated-cellulose showed lower concentration
f reducing sugars (1188 mg/L) than control samples (2011 mg/L). The structures of these compounds were checked by LC/MS analysis confirming
he presence of functionalized glucose and cellobiose units coupled to poly(catechol) molecules (m/z 580 and m/z 633). Alkali extraction method
howed to be very promising to coat cellulose fibers with phenols in the presence of enzymes, at mild conditions of temperature and pH.
2007 Elsevier Inc. All rights reserved.
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. Introduction
The enzymatic coating of synthetic and natural materials has
rovided several advantages and a new strategy for obtaining
seful polymers under mild reaction conditions with regard to
emperature, pressure and pH without using toxic reagents [1–4].
herefore, the enzymatic polymerization can be regarded as an
nvironmentally friendly synthetic process of polymeric mate-
ials, providing a good example of “green polymer chemistry”
5].
In this type of coating processes, forming a covalently bound
rganic coating system (rather than merely physically) is pre-
erred in order to improve coating adhesion and resistance to
egradation [6]. Moreover, since the length of the chains for
oating is usually directly related to the solubility and durability
f the polymers, long chain and water resistant polymers would
e desirable [7–9].
Recently, the potential of laccase enzymes for polymerizing,
rosslinking and functionalizing various compounds was studied
10]. Thus, increasing interest has been focused on the applica-
ion of this enzyme as a new biocatalyst in organic synthesis [11].
∗ Corresponding author. Tel.: +351 253 510271; fax: +351 253 510293.
E-mail address: artur@det.uminho.pt (A. Cavaco-Paulo).
o
t
t
i
t
c
i
141-0229/$ – see front matter © 2007 Elsevier Inc. All rights reserved.
oi:10.1016/j.enzmictec.2007.01.001metry
accases (EC 1.10.3.2) are a class of multi-copper-containing
xidoredutases enzymes produced by plants, fungi, insects and
acteria [12–14]. Laccases are able to catalyze the transforma-
ion of various aromatic compounds, specifically phenols and
nilines, through an oxidative coupling reaction and of con-
omitantly reducing molecular oxygen to water. The oxidation
f reduced substrate typically involves the formation of a free
ation radical after the transfer of a single electron to laccase. The
adical can further react on non-enzymatic oxidation [15,16].
he range of substrates that various laccases can catalyze is very
ide. Basically any substrate with characteristics similar to a p-
iphenol will be oxidized by laccases. The phenolic derivatives
esulting in the production of polymeric aggregates are usu-
lly less soluble and much stable than their parent compounds
17–23]. These abilities of laccase for the synthesis of new com-
ounds can be also used for chemical coating and modification
f the fibers surface [24].
In this study, C.I. Reactive Black 5 was covalently attached
nto cellulose fibers by a nucleophilic addition reaction and
hen chemically reduced to obtain aminic functional groups on
he fiber surface [25]. Reactive Black 5 was chosen because
s cheap and it is one of the most widely used dye in the tex-
ile industry [26]. Afterwards, the functionalized cellulose was
oated “in situ” with enzimatically-synthesized poly(catechol)
n the presence of Trametes villosa laccase. The enzymatic
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xidation of catechol, a known laccase substrate, typically
nvolves the formation of a free (cation) radical, which may
ndergo further non-enzymatic reactions resulting in colored
imeric, oligomeric, and polymeric molecules [18,27,28]. These
eactions were confirmed by LC/MS analysis of the solutions
btained after short hydrolysis with cellulases of the coated
ellulose fiber samples and their controls.
This enzymatic coating process, performed at lower temper-
tures and using less water, could be applied to several natural
ubstrates and appears to be a promising environmental alterna-
ive technology [29].
. Materials and methods
.1. Materials
The cellulose fibers used in the experiments were alkaline scoured and
leached 100% cotton fabric. Laccase (EC 1.10.3.2) from Trametes hirsuta
5.6 mg protein/mL, 250 U/mL, supplied from Graz University of Technology,
ustria) was applied at pH 5 (0.1 M Na–citrate buffer). Cellulase (Cellusoft
, 24.6 mg protein/mL) was purchased from Aquitex, Portugal. The non-ionic
etergent Hostapal was purchased from Clariant. All other reagents and dyes
ere purchased from Sigma–Aldrich and used without further purification.
.2. Cellulose functionalization
The covalent attachment of Reactive Black 5 (RB5) on cellulose fibers was
erformed in three consecutive steps at 40 ◦C in an AHIBA Spectradye apparatus
Datacolor) in a bath ratio of 1:20. In the first step (15 min), the fibers were treated
ith 0.1 g/L of RB5 and 50 g/L of NaCl solution. The second step (15 min) was
he addition of 5 g/L of Na2CO3 in the same solution and the last step (75 min)
as the addition of 1 mL/L of 10 M NaOH solution. Treated fibers were washed
t the same liquor ratio with 2.5 g/L nonionic detergent Hostapal (Clariant) for
0 min at boiling temperature to remove the unfixed RB5, then washed and air
ried. Afterwards, treated cellulose was reduced in a solution of 8 g/L of sodium
ydrosulfite at 70 ◦C for 2 h in AHIBA Spectradye dyeing apparatus in order to
btain aminic functional groups on the cellulose surface. Functionalized fibers
ere washed with 2.5 g/L non-ionic detergent Hostapal for 30 min at boiling
emperature, washed and air dried. White cellulose fibers, as control, were also
reated at the same reductive conditions.
.3. Enzymatic coating
The experiments were performed in an Ahiba Spectradye apparatus in 0.1 M
a–citrate buffer pH 5 in a final volume of 100 mL. Functionalized-cellulose
oating was carried out with 2.5 U/mL T. hirsuta laccase in a 50 mL of 10 mM
atechol solution at 50 ◦C for 2 h. Controls functionalized-cellulose and con-
rols white-cellulose samples were performed in buffer, buffer/catechol and
uffer/laccase solutions at the same operational conditions. After the treat-
ent the fibers were thoroughly washed at boil for 2 h with non-ionic detergent
ostapal to remove unlinked polymers.
.4. K/S measures
Color differences on the cellulose fibers were determined using a reflectance-
easuring apparatus Spectraflash 600 (Datacolor) according to the CIELab color
ifference concept, at standard illuminant D65 (LAV/Spec. Excl., d/8, D65/10◦).
he results were summarized by the overall color difference (E*) value [30]..5. Measure of reducing sugars
Coated-cellulose fiber samples were hydrolyzed in 30 g/L of cellulase solu-
ion (24.6 mg protein/mL in 0.1 M Na–citrate buffer pH 5) and incubated in a
haking bath at 50 ◦C for 4 days. Measure of reducing sugar was performed
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pectrophotometrically at 475 nm with Neocuproine-Cu method as previously
escribed in reference [31].
.6. LC/MS analysis
The analysis were performed on an Agilent MSD (Waldbronn, Germany)
ith direct injection using the following parameters: Drying gas temperature
50 ◦C, drying gas pressure 40 psi, drying gas flow (nitrogen) 10 L/min, capillary
oltage 3500 V, fragmentor voltage 70 V, mass range 70–2000 m/z. The data were
nalyzed using the software Chemstation Rev. A 10.01 (Agilent, Waldbronn,
ermany). For measurement in positive mode 0.01% acetic acid was added to
he acetonitrile, which was used for the negative ion detection.
. Results and discussion
A variety of chemical surface modification techniques have
een developed to improve cellulose fiber–matrix adhesion
32,33]. Aminization was the first chemical modification per-
ormed on cellulose in order to increase its “dyeability” [25].
he aromatic amines were formed by chemical reduction on
ellulose with covalent attached RB5 molecules. RB5 is a di-
zo vinyl sulphonic dye. The reduction on the two azo groups of
he RB5 produces three compounds containing amino groups.
ne of these remains covalently linked to cellulose and the other
wo compounds containing amino groups being solubilized in
ater. The linkage of bifunctional reactive dyes (like RB5) to
otton cellulose was demonstrated by others: the digested cot-
on with cellulase enzymes and soluble reaction products were
haracterized by 13C NMR [34,35]. Based on these results and
n our LC/MS experiments, a model reaction was proposed.
he reduction of the RB5 on cellulose is shown schematically
n Fig. 1. During the reduction process, decolorization of the
bers was observed due to the azo bond disruption and conse-
uent formation of the colorless amines. The functionalization
as confirmed by LC/MS analysis. The LC/MS analyses were
erformed on the supernatants obtained after hydrolysis of the
minized cellulose by cellulase. Cellulases are enzymes which
ydrolyze cellulose polymers to the smaller oligosaccharides,
ellobiose and glucose [36,37]. The identified compounds are in
ajority products of the cellulose hydrolysis (Fig. 1). Compound
has been identified as one glucose molecule (m/z = 180) and
ompound II as one cellobiose molecule (m/z = 342) while com-
ound III is a cellobiose molecule linked to the amine through
n ether linkage (m/z = 525).
After confirmation of the cellulose functionalization, the
bers were reacted “in situ” with catechol and laccase. The
mino groups on cellulose were coupled with poly(catechol)
btained through oxidation by laccase. The polymerization reac-
ion involves continuous initiation and coupling steps during
hich the two kinds of radicals, the initially produced phe-
oxy radicals and subsequently formed phenyl radicals, co-exist
nd propagate simultaneously [38]. Generally, the enzymati-
ally obtained polyphenols have structures normally composed
f a mixture of phenylene and oxyphenylene units, which are
ormed by C–C and C–O coupling of phenols, respectively [20].
or the results of coupling, less soluble, high molecular weight
ompounds are formed [17].
At the same time, in the reaction medium, the coupling
etween the oxidized catechol and the amine take place [28,39].
1784 S.Y. Kim et al. / Enzyme and Microbial Technology 40 (2007) 1782–1787
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aFig. 1. Mechanism of chemical-reductive cellulose functionalization
iedermeyer et al. have previously demonstrated that employ-
ng laccase-catalyzed reactions, mono- and diaminated quinones
an be synthesized in good to very good yields starting from
-dihydroxylated benzoic acid derivatives or alkylated hydro-
uinones and primary aromatic amines [40]. We also in a
reviously work have performed 13C NMR experiments that
onfirmed the differences in the structures of the polymers
btained from the laccase-catalyzed processes between catechol
nd aromatic amine. The differences in peak positions between
atechol, aromatic amine, and aromatic amine/catechol poly-
ers allowed an interpretation of the inhibition effect of the
atechol on aromatic amine self-coupling with the formation of
copolymer between the oxidized anilines and catechol from
he simultaneous nonenzymatic coupling and enzymatic poly-
erization reactions [41]. The coupling between the aminized
ellulose and the poly(catechol) is shown schematically in Fig. 2.
o
o
c
cdentified mass spectra after cellulase hydrolysis by LC/MS analysis.
he products obtained from the coupling processes of aminized
ellulose with the products obtained from catechol oxidation by
accase were identified by LC/MS analysis (Fig. 2). As previ-
usly described, to provide liquid samples the coated cellulose
bers were hydrolyzed by cellulases. Due to the property of
uinones to form stable structures by addition reactions with
he radicals in the reaction environment, compound IV has been
dentified as the coupling reaction between a aminized glucose
olecule and a quinone molecule (m/z = 469) [42,43].
Compound V has been identified as the product of the cou-
ling reaction of a molecule of poly(catechol) (n = 1) with one
minized glucose molecule (m/z = 580) while, compound VI is
btained from coupling of one molecule of catechol (n = 0) with
ne cellobiose molecule (m/z = 633). In addition, another two
ompounds were identified, denominated as compound VII and
ompound VIII, which are a molecule of catechol (m/z = 109)
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sig. 2. Mechanism of coupling reaction between aminized cellulose and laccas
C/MS analysis.
nd a its dimer (m/z = 217), respectively. In accordance with
iterature, laccase catechol oxidation produces higher molecu-
ar weight poly(catechol) polymers than the observed ones in
his study in the LC/MS analysis [44]. Those polymers can-
ot be seen on buffer solutions after cellulose hydrolysis by
he simple fact that they are insoluble. High molecular weight
w
w
balyzed poly(catechol) and identified mass spectra after cellulase hydrolysis by
oly(catechols) are soluble in 0.5 M NaOH yielding dark brown
olutions [44].White cellulose and cellulose with covalently linked RB5
ere chemically reduced as previously described and treated
ith buffer, buffer/catechol, buffer/laccase and in a mixture of
uffer/laccase/catechol. Afterwards, the color strength of the
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Table 1
Qualitative degree of coating expressed as color difference (E*) values respect
to the control treated in 0.1 M pH 5 Na–citrate buffer
Catechol Laccase Laccase + catechol
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[educed white cellulose fibers 0.1 0.7 20.1
educed dyed cellulose fibers 4.5 5.9 47
bers, in term of K/S values, was measured and compared to
he buffer-treated sample. The results were summarized by the
verall color difference (E*) value in order to provide a qualita-
ive degree of enzymatic coating. The E* values in the laccase
nd catechol separately treated fibers showed slight differences
ompared to the buffer control, while the fibers treated with the
atechol and laccase at the same time showed higher E* values
Table 1). The white cellulose fibers, even if not functionalized,
hen treated with the buffer/catechol/laccase solution showed
igh E* values providing evidence that the same oxidized
oly(catechol) is able to link on the untreated fiber surfaces.
owever, coated functionalized fibers showed higher E* val-
es (47E*) than the coated white fibers (20E*) confirming
he high level of coupling sites on the functionalized-cellulose
urface.
In addition, the amount of reducing sugars after cellu-
ase hydrolysis of the fibers was also determined. Reducing
ugars concentration values for white cellulose fibers and
nzimatically-coated samples is reported in Table 2. No con-
iderable differences among white cellulose treated in buffer
olution, white cellulose treated in buffer/catechol/laccase solu-
ion and the functionalized cellulose treated in buffer (2.01, 1.98,
nd 1.91 g/L, respectively) were observed. On the other hand, the
unctionalized cellulose coated in buffer/catechol/laccase solu-
ion showed a significant difference, compared to the other fibers
1.19 g/L). Coated functionalized-cellulose provides high level
f resistance to cellulase hydrolysis due to steric hindrance of
he poly(catechol) molecules [45]. Cellulases generally have a
atalytic domain and a cellulose binding domain (CBD). The cat-
lytic domain has an active site in the shape of a tunnel or a cleft
here the hydrolytic reaction takes place. However, the cellulose
inding domain is essential for the degradation of crystalline cel-
ulose and enhances the catalysis, increasing the concentration
f the enzyme nearto the insoluble cellulose [46]. Therefore,
he polymeric network formed on the fiber surfaces prevents an
fficient interaction of the cellulase molecules with the cellulose
urface through steric blocking of the catalytic domain and at
he same time reducing the formation of the cellulose binding
omain.
able 2
educing sugar resulting from celulase treatment (see experimental part for
etails)
Concentration of reducing
sugar (g/L) ± S.D.
White cellulose fibers (buffer) 2.01 ± 0.04
White cellulose fibers (laccase + catechol) 1.98 ± 0.06
Aminized cellulose fibers (buffer) 1.91 ± 0.9
Aminized cellulose fibers (laccase + catechol) 1.19 ± 0.12
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LC/MS analysis confirmed the cellulose fibers functionaliza-
ion and the coupling between the enzymatically synthesized
oly(catechol) and the aminized cellulose fibers. The colored
oating of cellulose fibers showed significant color difference
47E* values) confirming the high level of coupling sites on
he functionalized-cellulose surface. White untreated cellulose
bers were also enzimatically dyed with poly(catechol) but a
ower degree of coating and lower resistance to hydrolysis were
ttained, this was confirmed by K/S and reducing sugars mea-
urements. It can be concluded that the enzymatic coating carried
ut using aromatic amines covalently immobilized on cellulose
bers provides a new route for the generation of biocomposite
aterials. Enzymatic reaction occurs under mild conditions that
ompletely preserve fiber structure. Extension of this method
o other phenol polymers, using appropriate and cost-efficient
unctionalization methods, may provide a new route to envi-
onmentally friendly materials with predefined structures and
roperties.
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